Fault-Tolerant Operation of an Open-End Winding Five-Phase PMSM Drive with Short-Circuit Inverter Fault by NGUYEN, Ngac Ky et al.
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers ParisTech
researchers and makes it freely available over the web where possible.
This is an author-deposited version published in: http://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/9265
To cite this version :
Ngac Ky NGUYEN, Fabien MEINGUET, Xavier KESTELYN, Eric SEMAIL - Fault-Tolerant
Operation of an Open-End Winding Five-Phase PMSM Drive with Short-Circuit Inverter Fault -
Transactions on Industrial Electronics p.11 - 2015
Any correspondence concerning this service should be sent to the repository
Administrator : archiveouverte@ensam.eu
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers ParisTech
researchers and makes it freely available over the web where possible.
This is an author-deposited version published in: http://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/9265
To cite this version :
Ngac Ky NGUYEN, Fabien MEINGUET, Xavier KESTELYN, Eric SEMAIL - Fault-Tolerant
Operation of an Open-End Winding Five-Phase PMSM Drive with Short-Circuit Inverter Fault -
Transactions on Industrial Electronics p.11 - 2015
Any correspondence concerning this service should be sent to the repository
Administrator : archiveouverte@ensam.eu
)DXOW7ROHUDQW 2SHUDWLRQ RI DQ 2SHQ(QG :LQGLQJ
)LYH3KDVH 3060 'ULYH ZLWK 6KRUW&LUFXLW ,QYHUWHU
)DXOW
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$EVWUDFW²0XOWLSKDVH PDFKLQHV DUH ZHOONQRZQ IRU WKHLU IDXOW
WROHUDQW FDSDELOLW\ 6WDUFRQQHFWHG PXOWLSKDVH PDFKLQHV KDYH
IDXOW WROHUDQFH LQ RSHQFLUFXLW )RU LQYHUWHU VZLWFK VKRUWFLUFXLW
IDXOW LW LV SRVVLEOH WR NHHS D VPRRWK WRUTXH RI 3HUPDQHQW
0DJQHW 6\QFKURQRXV 0DFKLQH 3060 LI WKH FXUUHQWV RI IDXOW\
SKDVHV DUH GHWHUPLQHG DQG WKHLU YDOXHV DUH DFFHSWDEOH 7KLV
SDSHU LQYHVWLJDWHV IDXOWWROHUDQW RSHUDWLRQV RI DQ RSHQHQG I YH
SKDVH GULYH LH D PXOWLSKDVH PDFKLQH IHG ZLWK D GXDOLQYHUWHU
VXSSO\ ,QYHUWHU VZLWFK VKRUWFLUFXLW IDXOW LV FRQVLGHUHG DQG
KDQGOHG ZLWK D VLPSOH VROXWLRQ 2ULJLQDO WKHRUHWLFDO GHYHORSPHQWV
DUH SUHVHQWHG 6LPXODWLRQ DQG H[SHULPHQWDO UHVXOWV YDOLGDWH WKH
SURSRVHG VWUDWHJ\
,QGH[ 7HUPV²$& GULYHV &RQWURO UHFRQILJXUDWLRQ )DXOW
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YDULRXV ZD\V :LWK D FRQVHUYDWLYH GHVLJQ RQH VROXWLRQ LV WR
XVH WKH V\VWHP EHORZ LWV PD[LPXP IXQFWLRQLQJ SRLQW DQG
WKHUHIRUH LWV H[SHFWHG OLIHWLPH LQFUHDVHV WKDQNV WR RYHUVL]LQJ
+RZHYHU LQ WKLV FDVH V\VWHP HIILFLHQ \ PD\ EH UHGXFHG DQG
WKH FRVW RI WKH V\VWHP XVXDOO\ LQFUHDVHV HVSHFLDOO\ ZKHQ WKH
UDQJH RI SRZHU LV VLJQLILFDQW 0RUHRYHU LI D IDXOW ILQDOO
KDSSHQV WKH V\VWHP FDQQRW FRQWLQXH WR ZRUN HYHQ DW UHGXFHG
SRZHU 7KLV LV SDUWLFXODUO\ WUXH VLQFH SRZHU HOHFWURQLFV FRP
SRQHQW IDLOXUHV DUH \HW PRVWO\ XQSUHGLFWDEOH >@
7R LQFUHDVH WKH GULYH DYDLODELOLW\ IDXOWWROHUDQFH KDV EHHQ
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0XOWLSKDVH GULYHV KDYH DGGLWLRQDO GHJUHHV RI IUHHGRP FRP
SDUHG ZLWK WUDGLWLRQDO WKUHHSKDVH GULYHV >@ 7KHVH GHJUHHV RI
IUHHGRP FDQ EH XVHG IRU GLIIHUHQW SXUSRVHV VXFK DV DGGLWLRQDO
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&RS\ULJKW F  ,((( 3HUVRQDO XVH RI WKLV PDWHULDO LV SHUPLWWHG
+RZHYHU SHUPLVVLRQ WR XVH WKLV PDWHULDO IRU DQ\ RWKHU SXUSRVHV PXVW EH
REWDLQHG IURP WKH ,((( E\ VHQGLQJ D UHTXHVW WR SXEVSHUPLVVLRQV#LHHHRUJ
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HPDLO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WRUTXH JHQHUDWLRQ RU IDXOW WROHUDQFH ZKHQ D SDUW RI WKH V\VWHP
IDLOV )DXOW GHWHFWLRQ DQG FRQWURO UHFRQILJXUDWLR RI WKH GULYH
LQ FDVH RI RSHQFLUFXLW IDXOWV KDYH EHHQ H[WHQVLYHO\ VWXGLHG
LQ WKH SDVW \HDUV >@±>@ 2Q WKH RWKHU KDQG RQO\ D IHZ
ZRUNV KDYH DGGUHVVHG WKH SUREOHP RI LQYHUWHU VZLWFK VKRUW
FLUFXLW IDXOWV >@ >@ H[FHSW LQ WRSRORJLHV ZLWK DGGLWLRQDO
FRPSRQHQWV VXFK DV IXVHV DQG SDUDOOHO WK\ULVWRUV ZKLFK DUH
QRW XVHG LQ KHDOWK\ RSHUDWLRQV >@±>@
,Q >@ WKH DXWKRUV LQYHVWLJDWH D WKUHHSKDVH GULYH WRSRORJ\
ZLWK DQ RSHQHQG ZLQGLQJ PDFKLQH DQG D GXDOLQYHUWHU VXSSO\
7KH DXWKRUV VKRZ WKDW IDXOW WROHUDQFH DJDLQVW RSHQFLUFXLW
IDXOW UHTXLUHV D ]HURVHTXHQFH SDWK IRU WKH FXUUHQW FRQQHFWLRQ
EHWZHHQ LQYHUWHUV 2Q WKH RWKHU KDQG LQYHUWHU VZLWFK VKRUW
FLUFXLW IDXOWV FDQ EH KDQGOHG E\ FUHDWLQJ DQ DUWLILFLD QHXWUDO
SRLQW WKURXJK WKH IDXOW\ LQYHUWHU ,Q WKH ODWWHU FDVH WKLV
UHFRQILJXUDWLR FDQQRW EH DSSOLHG LI WKHUH LV D ]HURVHTXHQFH
SDWK 7KHUHIRUH D FRPSOHWH IDXOW WROHUDQFH FDQQRW EH DFKLHYHG
ZLWKRXW DGGLWLRQDO GHYLFHV ZKLFK FRQQHFW RU GLVFRQQHFW ERWK
LQYHUWHUV GHSHQGLQJ RQ WKH FRQGLWLRQ RI WKH GULYH
7KHVH LVVXHV FDQ EH VROYHG ZLWK DQ RSHQHQG I YHSKDVH
GULYH VXSSOLHG E\ WZR LQGHSHQGHQW YROWDJH VRXUFHV VLQFH WKH
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7KH SUHVHQW SDSHU GHDOV ZLWK WKH IDXOWWROHUDQW FDSDELOLW\
RI DQ RSHQHQG ZLQGLQJ I YHSKDVH 3060 GULYH IROORZLQJ D
VKRUWFLUFXLW LQYHUWHU IDXOW 9DULRXV GHJUHHV RI UHFRQILJXUDWLR
DUH LQYHVWLJDWHG VWDUWLQJ IURP QR UHFRQILJXUDWLR XS WR D IXOO
UHFRQILJXUDWLR FRQWURO DOJRULWKP DQG JDWH VLJQDOV
,W LV DVVXPHG WKDW WKH LQYHUWHU LV HTXLSSHG ZLWK VPDUW GULYHUV
WKDW DUH DEOH WR ORFDWH D VKRUWFLUFXLW IDXOW DOPRVW LQVWDQWD
QHRXVO\ DQG WR UHPRYH WKH JDWH VLJQDO RI WKH FRPSOHPHQWDU\
VZLWFK WR DYRLG D VKRUWFLUFXLW RI WKH '& VRXUFH >@ >@
,Q VHFWLRQ ,, WKH GULYH PRGHOLQJ LV SUHVHQWHG KLJKOLJKWLQJ
WKH ]HURVHTXHQFH FRPSRQHQW ZKLFK LV RI SDUDPRXQW LP
SRUWDQFH IRU FRQWURO UHFRQILJXUDWLRQ 6HFWLRQ ,,, GHYHORSV D
VLPSOH PRGXODWLRQ VWUDWHJ\ DQG WKH FRQWURO DOJRULWKPV IRU
WKH KHDOWK\ DQG IDXOW\ FRQGLWLRQV ,QYHUWHU VZLWFK VKRUWFLUFXLW
IDXOWV DUH DGGUHVVHG LQ GHWDLO 6LPXODWLRQ UHVXOWV DUH UHSRUWHG
LQ VHFWLRQ ,9 )LQDOO\ WKH WHVW EHG LV SUHVHQWHG LQ VHFWLRQ 9
DQG H[SHULPHQWDO UHVXOWV YDOLGDWH WKH WKHRUHWLFDO SDUW
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7KH WRSRORJ\ XQGHU VWXG\ LV VKRZQ LQ )LJ  ZKLFK FRQVLVWV
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Vdc LQ WKLV VWXG\ EXW D JHQHUDO FDVH ZKHUH Vdc1 LV
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]T 
ZKHUH [v] LV WKH YROWDJH YHFWRU [i] LV WKH FXUUHQW YHFWRU DQG
[e] LV WKH EDFNHOHFWURPRWLYH IRUFH EDFN(0) YHFWRU RI WKH
3060 PDFKLQH
$VVXPLQJ QR PDJQHWLF VDWXUDWLRQ DQG QR VDOLHQF\ WKH
YROWDJH HTXDWLRQV DUH JLYHQ E\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ZLWK Rs DV WKH VWDWRU UHVLVWDQFH L M1 DQG M2 DV WKH
VWDWRU VHOI DQG PXWXDO LQGXFWDQFHV 7KH UHIHUHQFHV RI HOHFWULF
SRWHQWLDO DUH n1 DQG n2 IRU WKH LQYHUWHU  DQG WKH LQYHUWHU 
UHVSHFWLYHO\ VHH )LJ  +HQFH
[v] = [vINV 1]− [vINV 2]− [v21] 
ZKHUH [v21] =
[
v21 v21 v21 v21 v21
]T DQG v21 LV WKH
YROWDJH EHWZHHQ n1 DQG n2 VHH )LJ  [vINV 1] DQG [vINV 2]








va2n2 vb2n2 vc2n2 vd2n2 ve2n2
]T 
$V WKHUH LV QR SDWK IRU WKH ]HURVHTXHQFH FXUUHQW WKH VXP
RI DOO SKDVH FXUUHQWV LV HTXDO WR ]HUR
[n]T [i] = 0 
ZKHUH [n] =
[
1 1 1 1 1
]T 
$SSO\LQJ &RQFRUGLD DQG 3DUN WUDQVIRUPDWLRQV WR HTXD
WLRQ  WKH PRGHOLQJ RI WKH V\VWHP H[SUHVVHG LQ WKH VWDWRU DQG
URWRU UHIHUHQFH IUDPHV LV REWDLQHG ZLWK QRWDWLRQV α1β1α2β20
DQG d1q1d2q20 UHVSHFWLYHO\ )RU WKH WRSRORJ\ XQGHU VWXG\
WKH LQYHUWHU KDV 210 GLIIHUHQW FRPELQDWLRQV RI VWDWHV 7KH
FRUUHVSRQGLQJ YHFWRUV DUH GHSLFWHG LQ )LJ  D DQG E IRU
WKH VXEVSDFHV DVVRFLDWHG ZLWK WKH IXQGDPHQWDO α1β1 DQG WKLUG
KDUPRQLF α2β2 FRPSRQHQWV UHVSHFWLYHO\ 0RUH GHWDLOV DERXW
WKH VXEVSDFH YHFWRU WKHRU\ DUH JLYHQ LQ >@






6XEVWLWXWLQJ  DQG  LQWR  \LHOGV
v0 = e0 
ZKHUH e0 LV WKH ]HURVHTXHQFH RI WKH EDFN(0) DQG FDQ EH
FDOFXODWHG LQ WKH VDPH ZD\ DV 
$Q DQDO\WLFDO H[SUHVVLRQ RI v21 LV REWDLQHG E\ VXEVWLWXW








ZLWK v0,eq WKH ]HURVHTXHQFH YROWDJH RI DQ HTXLYDOHQW LQYHUWHU
ZKLFK ZRXOG KDYH D FRQQHFWLRQ EHWZHHQ WKH WZR QHJDWLYH




([n]T ([vINV 1]− [vINV 2])) 
 VKRZV WKDW v0,eq GHSHQGV RQ WKH LQVWDQWDQHRXV RXWSXW
YROWDJH RI WKH LQYHUWHUV $V WKH UHVXOW v0,eq LV D FRQWURO
YDULDEOH ZKHUHDV v0 RU e0 LV QRW
,W LV ZRUWK QRWLFLQJ WKDW  LV VLPLODU WR WKH H[SUHVVLRQ
REWDLQHG IRU D VWDU FRQQHFWLRQ >@ ,Q WKH ODWWHU FDVH WKH
QHXWUDOSRLQW IORDWLQ YROWDJH LV DIIHFWHG E\ WKH ]HURVHTXHQFH
RI WKH EDFN(0) DQG WKH LQYHUWHU RXWSXW YROWDJH ZKLOH IRU WKH
WRSRORJ\ XQGHU VWXG\ LW LV v21
$V v21 LV DVVRFLDWHG ZLWK WKH ]HURVHTXHQFH FRPSRQHQW LW
KDV QR HIIHFW RQ WKH αβ FRPSRQHQWV DQG WKH VSDFH YHFWRU
WKHRU\ FDQ EH DSSOLHG E\ RPLWWLQJ v21 LQ WKH FDOFXODWLRQ RI
WKHVH FRPSRQHQWV





ZLWK Ω DV WKH PHFKDQLFDO VSHHG
,,, &21752/ 675$7(*<
7KLV VHFWLRQ GHVFULEHV WKH FRQWURO VWUDWHJ\ XVHG IRU WKH
H[SHULPHQWDO WHVWV )LUVW WKH PRGXODWLRQ VWUDWHJ\ LV EULHIO
GHVFULEHG 7KLV PRGXODWLRQ VWUDWHJ\ LV FRPPRQ WR DOO FRQWURO
VFKHPHV KHDOWK\ DQG IDXOW\ 1R PRGLILFDWLR RI WKLV VWUDWHJ\
LV UHTXLUHG IRU WKH SRVWIDXOW RSHUDWLRQ
1H[W WKH FRQWURO VWUDWHJ\ LQ KHDOWK\ RSHUDWLRQ LV EULHIO
DGGUHVVHG IROORZHG E\ WKH FRQWURO VWUDWHJLHV ZLWK DQ LQYHUWHU
VZLWFK VKRUWFLUFXLW IDXOW




























)LJ  9ROWDJH YHFWRUV LQ WKH VWDWRU UHIHUHQFH IUDPH QRUPDOL]HG E\ Vdc =
2Vdc1 = 2Vdc2 /HIW 6XEVSDFH DVVRFLDWHG ZLWK WKH IXQGDPHQWDO FRPSRQHQW
























)LJ  &DUULHUEDVHG PRGXODWLRQ VWUDWHJ\ D 6ZLWFKLQJ IXQFWLRQ RI WKH x1
OHJ E 6ZLWFKLQJ IXQFWLRQ RI WKH x2OHJ F 9ROWDJH RI WKH x1 OHJ vx1n1  G
9ROWDJH RI WKH x2 OHJ vx2n2  H 6XP YROWDJH vx + v21
$ 0RGXODWLRQ VWUDWHJ\
$ VSDFHYHFWRU PRGXODWLRQ RI DQ RSHQHQG ZLQGLQJ I YH
SKDVH PDFKLQH LV UHSRUWHG LQ >@ ,Q WKLV SDSHU D YHU\
VLPSOH PRGXODWLRQ VWUDWHJ\ LV FKRVHQ IRU WKLV DSSOLFDWLRQ LH
D FHQWHUHG 3:0 VWUDWHJ\ ZLWK WKH GXW\ F\FOHV δx,1 DQG δx,2




















= 1− δx,1 
ZLWK v∗x WKH xSKDVH YROWDJH UHIHUHQFH −Vdc ≤ v∗x ≤ Vdc
$Q H[DPSOH LV JLYHQ LQ )LJ  VKRZLQJ WKH PRGXODWLRQ
IXQFWLRQV WKH WULDQJXODU FDUULHU DQG WKH UHVXOWLQJ YROWDJH RI
vx+v21 LQ KHDOWK\ FRQGLWLRQ v21 = 0 8VXDOO\ WKLV WHFKQLTXH
RI PRGXODWLRQ DOORZV WR GRXEOH WKH DSSDUHQW FDUULHU IUHTXHQF\
RI 3:0 VHH )LJ  H DQG WKH FXUUHQW ULSSOHV DUH WKXV
UHGXFHG
% &RQWURO VWUDWHJ\ LQ KHDOWK\ RSHUDWLRQ
)LJ  VKRZV WKH JHQHUDO VFKHPH IRU WRUTXH FRQWURO 7KH
3DUN FXUUHQW UHIHUHQFHV DUH REWDLQHG E\ HTXDWLRQ  ,W FDQ EH
QRWLFHG WKDW WKLV FKRLFH LV WR REWDLQ VLPSOLILH FXUUHQW FRQWURO
ORRSV 7KH 3060 LV IHG E\ YROWDJH UHVXOWLQJ IURP D VWUDWHJ\
ZKLFK LV EDVHG RQ IDXOW\ LQIRUPDWLRQ ,I DOO SKDVHV DUH KHDOWK\
WKHQ v21 LV VHW WR 0 $V WKH UHVXOWV WKH YROWDJH UHIHUHQFHV DUH
LGHQWLFDO ZLWK WKH RQHV REWDLQHG E\ FXUUHQW UHJXODWRUV 7KLV
FRUUHVSRQGV WR WKH µKHDOWK\¶ SRVLWLRQ RI WKH VZLWFK LQ )LJ 


































































1 0 0 0 0
0 cos θe − sin θe 0 0
0 sin θe cos θe 0 0
0 0 0 cos 3θe sin 3θe
0 0 0 − sin 3θe cos 3θe
⎤
⎥⎥⎥⎥⎦ 
7KLV WUDQVIRUPDWLRQ OHDGV WR WZR GT URWDWLQJ IUDPHV >@
7KH ILUV IUDPH LV DVVRFLDWHG ZLWK WKH ILUV KDUPRQLF DQG URWDWHV
DW ω = dθe
dt
 DQG WKH VHFRQG RQH LV DVVRFLDWHG ZLWK WKH WKLUG
KDUPRQLF DQG URWDWHV DW −3ω 7R NHHS WKH FRQWURO VFKHPH
VLPSOH WKH FDOFXODWLRQ RI WKH FXUUHQW UHIHUHQFHV LV REWDLQHG
IURP WKH WRUTXH UHIHUHQFH DQG WKH IXQGDPHQWDO FRPSRQHQW RI
















3URSRUWLRQDO,QWHJUDO 3, FRQWUROOHUV DUH XVHG IRU WKH FXUUHQW
FRQWURO DORQJ ZLWK DQ (0) IHHGIRUZDUG FRPSHQVDWLRQ
7KH ]HURVHTXHQFH YROWDJH FDQ EH FKRVHQ LQ RUGHU WR LQ
FUHDVH WKH '&OLQN YROWDJH XWLOL]DWLRQ E\ LQMHFWLQJ YROWDJH
KDUPRQLF FRPSRQHQWV ZKLFK DUH PXOWLSOHV RI I YH +RZHYHU
WKH FKRLFH LQ WKLV SDSHU LV WR PDLQWDLQ WKH YDOXH RI v21 = 0 LQ
D KHDOWK\ RSHUDWLRQ 7KHUHIRUH IURP  WKH ]HURVHTXHQFH
YROWDJH RI WKH HTXLYDOHQW LQYHUWHU LV JLYHQ E\
v0,eq,H = e0 
ZKHUH H LV D VXEVFULSW ZKLFK UHIHUV WR WKH KHDOWK\ RSHUDWLRQ
 LV SRVVLEOH VLQFH WKH ]HURVHTXHQFH FXUUHQW FDQQRW FLUFX
ODWH $V D FRQVHTXHQFH HYHQ LI D ILIW KDUPRQLF RI (0) H[LVWV
LW LV QRW QHFHVVDU\ WR FRPSHQVDWH WKH ]HURVHTXHQFH FXUUHQW ,I
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)LJ  &RQWURO EORFN GLDJUDP LQ D KHDOWK\ FRQGLWLRQ DQG LQ D IDXOW\ FRQGLWLRQ ZKHUH x = a, b, c, d, e FRUUHVSRQGLQJ WR IDXOW\ SKDVH
]HURVHTXHQFH FXUUHQW FRXOG H[LVW DQG D VXSSOHPHQWDU\ FRQWURO
LV WKXV UHTXLUHG
& &RQWURO VWUDWHJ\ ZLWK RQH VKRUWFLUFXLW IDXOW LQYHUWHU
VZLWFK
,W LV SRVVLEOH WR GHDO ZLWK D VKRUWHG VZLWFK IDXOW ZLWK
WKH WRSRORJ\ XQGHU VWXG\ 8QGHU VZLWFK IDXOW FRQGLWLRQ LW LV
DVVXPHG WKDW WKH FRPSOHPHQWDU\ VZLWFK LV PDLQWDLQHG µRSHQ¶
LQ RUGHU WR DYRLG D VKRUWFLUFXLW RI WKH DVVRFLDWHG '& VRXUFH
+HQFH WKH QXPEHU RI VZLWFK FRPELQDWLRQV GHFUHDVHV WR 29 =
512 ,W LV KRZHYHU GLIILFXO WR GHYHORS D SRVWIDXOW VWUDWHJ\
FRQVLGHULQJ D VSHFLIL VXEVHW RI YHFWRUV DQG D VLPSOH PRGX
ODWLRQ VWUDWHJ\ 7KHUHIRUH IRXU UHFRQILJXUDWLR WHFKQLTXHV DUH
LQYHVWLJDWHG LQ WKH IROORZLQJ VHFWLRQV
 :LWKRXW UHFRQILJX DWLRQ LW PLJKW EH LQWHUHVWLQJ WR WHVW
WKH IDXOWWROHUDQW FDSDELOLW\ RI WKH GULYH ZLWKRXW DQ\ FKDQJH RI
WKH FRQWURO DOJRULWKPV DQG PRGXODWLRQ VWUDWHJLHV
7KH PDLQ SUREOHP LQ WKLV FDVH LV WKDW WKH FRQYHUWHU RXWSXW
YROWDJH LV GLIIHUHQW IURP WKH FRQWUROOHU UHIHUHQFH YROWDJH $V
RQH OHJ LV FRQQHFWHG SHUPDQHQWO\ WR WKH SRVLWLYH RU QHJDWLYH
EXV D YROWDJH '& FRPSRQHQW DSSHDUV DW WKH IDXOW\SKDVH
WHUPLQDOV 7KH FRQWUROOHU ZLOO WU\ WR UHMHFW WKLV FRPSRQHQW
ZKLFK LV URWDWLQJ DW WKH HOHFWULFDO IUHTXHQF\ LQ WKH URWRU
UHIHUHQFH IUDPHV DQG WKHUHIRUH WKH UHVSRQVH GHSHQGV RQ
WKH FRQWUROOHU DQG PDFKLQH SDUDPHWHUV +RZHYHU LQMHFWLQJ D
YROWDJH '& FRPSRQHQW \LHOGV D FXUUHQW WKDW LV RQO\ OLPLWHG E\
WKH VWDWRU UHVLVWDQFH +HQFH ODUJH FXUUHQWV DUH H[SHFWHG
 :\HFRXSOLQJ UHDOL]DWLRQ RI D IDXOW\ LQYHUWHU LQ RUGHU WR
PLWLJDWH WKH HIIHFWV RI WKH IDXOW D VLPSOH VROXWLRQ LV WR UHDOL]H
D VWDU FRQQHFWLRQ E\ VHWWLQJ DOO WKH WRS LI RQH WRS VZLWFK LV
IDXOW\ RU ERWWRP LI RQH ERWWRP VZLWFK LV IDXOW\ ,*%7V RI
WKH IDXOW\ LQYHUWHU WR  >@ ,Q WKLV FDVH D FODVVLFDO VWUXFWXUH
LV REWDLQHG ZKHUH WKH 3060 LV IHG E\ RQO\ RQH I YHSKDVH
LQYHUWHU 7KH OLPLW RI YROWDJH RI D VWDU FRQQHFWLRQ LV UHSRUWHG
LQ )LJ  7KH PRGXODWLRQ WHFKQLTXH FDQ EH HLWKHU FODVVLFDO
3:0 RU 690 :LWK WKH 3:0 WKH PD[LPXP YROWDJH LV HTXDO
WR 0.5Vdc ZKLOH LW FDQ UHDFK 45 cos
pi
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)LJ  5HFRQILJXUDWLR RI WKH LQYHUWHU OHJV LQ FDVH RI LQYHUWHU VKRUWFLUFXLW
IDXOW WRS VZLWFK RI WKH x2OHJ ZKHUH x FDQ EH a, b, c, d RU e
,Q WKLV SDSHU WKLV VROXWLRQ LV QRW SUHVHQWHG EHFDXVH LW KDV EHHQ
DOUHDG\ VWXGLHG
 6LPSOH UHFRQILJX DWLRQ )LJ  JLYHV DQ H[DPSOH ZKHUH
WKH WRS VZLWFK RI WKH OHJ x2 LV VKRUWFLUFXLWHG vx2n2 = Vdc $
VLPSOH UHFRQILJXUDWLR FDQ EH DFKLHYHG E\ FRQQHFWLQJ WKH WRS
VZLWFK RI WKH OHJ x1 WR WKH SRVLWLYH EXV ,I WKH ERWWRP VZLWFK
RI WKH OHJ x2 LV IDXOW\ WKHQ WKH ERWWRP VZLWFK RI WKH OHJ x1
VKRXOG EH FRQQHFWHG WR WKH QHJDWLYH EXV ,QGHHG LQ FDVH RI
VKRUWFLUFXLW IDXOW x1 DQG x2 DUH UHTXLUHG WR KDYH WKH VDPH
SRWHQWLDO 7KLV FRQILJXUDWLR FDQ EH REWDLQHG E\ KDUGZDUH
LPSOHPHQWDWLRQ HUURU VLJQDO DQG DGGLWLRQDO ORJLF GULYH WKH JDWH
VLJQDOV RI WKH RWKHU OHJ RU FRQWURO VLJQDO GXW\ F\FOH HTXDOV
µ¶ RU µ¶ 7KH PDFKLQH YROWDJH YHFWRU LQ WKLV FDVH LV VKRZQ LQ
)LJ  ,Q RUGHU WR PDLQWDLQ WKH VDPH RSHUDWLQJ SRLQW DV ZLWKRXW
DQ\ IDXOW WKH YROWDJH PDJQLWXGH KDV WR EH SUHOLPLQDULO\ NHSW
ZLWKLQ WKH OLPLW RI WKH YROWDJH RI WKH IDXOW\ FDVH ,I WKH PDFKLQH
LV RSHUDWHG DW UDWHG SRZHU EHIRUH WKH IDXOW LW LV FOHDU WKDW WKHUH
LV DQ XQDYDLODEOH DUHD VLQFH WKH VKRUWFLUFXLW RFFXUV DQG WKH
VSHHG RU WRUTXH KDV WR EH UHGXFHG WR SXW WKH YROWDJH YHFWRU
EHORZ WKH QHZ OLPLWV ,Q RXU VWXG\ DOO WHVWV ZLOO EH FDUULHG
RXW EHORZ WKH OLPLW RI YROWDJH LQ VKRUWFLUFXLW IDXOW 7KH LGHD
LV WR VKRZ KRZ FDQ ZH FRQILJXU WKH FRQWUROOHUV WR PDLQWDLQ
D FRQVWDQW WRUTXH LQ FDVH RI IDXOW























)LJ  /LPLWV RI PDFKLQH YROWDJH LQ α1β1 SODQ QRUPDOL]HG E\ Vdc LQ FDVH RI
6&IDXOW WRS VZLWFK RI WKH a1 OHJ ZLWK DQG ZLWKRXW D VLPSOH UHFRQILJXUDWLRQ
7KH DGYDQWDJH RI WKLV VWUDWHJ\ LV WKDW WKH DYHUDJH YDOXH RI vx
x IDXOW\ SKDVH LV HTXDO WR ]HUR VR WKHUH LV QR '& FRPSRQHQW
WR EH UHMHFWHG E\ WKH FRQWUROOHU 2Q WKH RWKHU KDQG WKHUH LV
VWLOO D GLIIHUHQFH EHWZHHQ WKH UHIHUHQFH YROWDJH DQG WKH LQYHUWHU
RXWSXW YROWDJH $V D FRQVHTXHQFH WKH GULYH UHVSRQVH LV DJDLQ
GHSHQGHQW RQ WKH FRQWUROOHU DQG PDFKLQH SDUDPHWHUV
 6LPSOH UHFRQILJX DWLRQ ZLWK FRQWURO VFKHPH LPSURYH
PHQW IXOO UHFRQILJX DWLRQ WR PLWLJDWH WKH DIRUHPHQWLRQHG
SUREOHP WKH FRQWUROOHU KDV WR LPSRVH D YROWDJH UHIHUHQFH
ZKLFK FDQ EH JHQHUDWHG E\ WKH LQYHUWHU 7R GR VR WKH UHFRQ
ILJXUDWLR RI )LJ  DSSOLHV DV ZHOO +RZHYHU DQ DGGLWLRQDO
FKDQJH LQ WKH FRQWURO VFKHPH LV PDQGDWRU\ 7KH µIDXOW¶ SRVLWLRQ
RI WKH VZLWFK LV FKRVHQ VHH )LJ  IRU D IXOO UHFRQILJXUDWLRQ
0DWKHPDWLFDO GHYHORSPHQWV ZLOO EH JLYHQ EHORZ WR MXVWLI\ WKLV
FKRLFH
&RQVLGHULQJ )LJ  DQG  DQG DVVXPLQJ WKDW WKH IDXOW\
SKDVH LV WKH SKDVHa DQ LPSRUWDQW DQG VLPSOH UHVXOW LV
va = −v21 
 VKRZV WKDW WKH IDXOW\SKDVH YROWDJH LV HTXDO WR WKH
GLIIHUHQFH RI SRWHQWLDOV EHWZHHQ n1 DQG n2 )URP  WKLV
YROWDJH FDQ EH FRQWUROOHG ZLWK WKH ]HURVHTXHQFH YROWDJH RI
WKH HTXLYDOHQW LQYHUWHU




























$V WKH REMHFWLYH LV WR PDLQWDLQ D FRQVWDQW WRUTXH LH QR
PRGLILFDWLR RI WKH d1q1d2q2 FXUUHQWV RU HTXLYDOHQWO\ WKH
α1β1α2β2 FXUUHQWV WKH d1q1d2q2 YROWDJHV RU HTXLYDOHQWO\ WKH
α1β1α2β2 YROWDJHV KDYH WR EH PDLQWDLQHG DV ZHOO (T 
VKRZV WKDW D PRGLILFDWLR RI WKH ]HURVHTXHQFH YROWDJH DOORZV
WKLV FRQGLWLRQ WR EH REWDLQHG
)URP  DQG  WKH SKDVHa YROWDJH UHIHUHQFH LV H[








(vα1 + vα2) = 0 
7KH SKDVHb YROWDJH UHIHUHQFH LV WKHQ FDOFXODWHG DV IROORZV







 DQG  OHDG WR
v∗b−) = −v∗a−+ + v∗b−+ = u∗ba−+ 
,Q WKH VDPH ZD\ YROWDJH UHIHUHQFHV RI WKH RWKHU SKDVHV DUH
v∗c−) = −v∗a−+ + v∗c−+ = u∗ca−+ 
v∗d−) = −v∗a−+ + v∗d−+ = u∗da−+ 
v∗e−) = −v∗a−+ + v∗e−+ = u∗ea−+ 
,W¶V LQWHUHVWLQJ WR VKRZ WKDW WKH YROWDJH UHIHUHQFHV RI WKH
3060 PDFKLQH XQGHU VKRUWFLUFXLW IDXOW LQYHUWHU VZLWFK FDQ
EH HDVLO\ REWDLQHG WR PDLQWDLQ WKH VDPH RSHUDWLQJ SRLQW DV
EHIRUH WKH IDXOW ,Q WKLV FDVH WKH OLQHOLQH YROWDJHV DUH XVHG
LQVWHDG RI WKH SKDVH YROWDJHV 7KH 7DE , JLYHV GLIIHUHQW YROWDJH
UHIHUHQFH YHFWRUV FRUUHVSRQGLQJ WR HDFK SKDVH VKRUWFLUFXLW
IDXOW $ VXPPDU\ RI WKH UHFRQILJXUDWLR PRGHV IRU WKH FDVHV
XQGHU VWXG\ LV JLYHQ LQ 7DE ,,
' $QDO\VHV RI YROWDJH OLPLWV DQG WRUTXHVSHHG FKDUDFWHULVWLF
,Q WKH DERYH VHFWLRQV WZR VROXWLRQV KDYH EHHQ SUHVHQWHG IRU
DQ LQYHUWHU VZLWFK 6&IDXOW ,Q RUGHU WR KLJKOLJKW WKH IHDVLELOLW\
RI WKHVH SURSRVHG VROXWLRQV DQ DQDO\VLV RI WKH OLPLWV LQ WHUP
RI YROWDJH DQG WRUTXHVSHHG FKDUDFWHULVWLF DYDLODEOH DIWHU WKH
IDXOW VKRXOG EH SRLQWHG RXW
$V VXPPDUL]HG LQ 7DE , WKH SURSRVHG VWUDWHJ\ QHHGV WR
VXSSO\ D PRWRU SKDVH ZLWK D OLQHOLQH YROWDJH LQ IDXOW\ PRGH
LQVWHDG RI D OLQHQHXWUDO YROWDJH LQ KHDOWK\ PRGH LQ RUGHU WR
PDLQWDLQ WKH UDWHG WRUTXH LQ VWHDG\VWDWH GHJUDGHG PRGH 7KHQ
7$%/( ,
92/7$*(6 5()(5(1&( 2) 0$&+,1( 81'(5 6+257&,5&8,7 )$8/7 2)
',))(5(17 3+$6(6
6KRUWFLUFXLW 9ROWDJH UHIHUHQFH YHFWRU XQGHU IDXOW FRQGLWLRQ

























































6800$5< 2) 7+( &21752/ 3$5$0(7(56 )25 7+( 9$5,286
5(&21),*85$7,21 02'(6 81'(5 678'< $3+$6( )$8/7
0RGH RI RSHUDWLRQ vx,1  vx,2 v∗0,eq
+HDOWK\ H0 QR e0
6KRUWFLUFXLW DQG QR UHFRQILJX
UDWLRQ
QR e0
6KRUWFLUFXLW DQG VLPSOH UHFRQ
I JXUDWLRQ
\HV e0





WKH QHZ SHDN SKDVH YROWDJH LV LQFUHDVHG E\
√
3 LQ IDXOW\ PRGH
ZKLFK PHDQV WKDW WKH YROWDJH VRXUFH LQYHUWHU 96, KDV WR
EH DEOH WR GHOLYHU WKHVH QHZ YROWDJH UHIHUHQFHV 7R GR WKLV
VRPH SUHFDXWLRQV KDYH WR EH PDGH DW WKH EHJLQQLQJ RI WKH
GULYH¶V GHVLJQ )LUVW WKH FKRLFH RI WKH '& EXV¶V YROWDJH KDV
WR EH DYDLODEOH LQ IDXOW\ PRGH 6HFRQGO\ WKH 3060 KDV WR
EH GHVLJQHG WR EH IHG E\ D QHZ YROWDJH 
√
3 WLPHV JUHDWHU LQ
IDXOW\ PRGH 7KLV LV QRW D UHDO FRQVWUDLQW WKDQNV WR DQ DGDSWHG
LQVXODWLRQ PDWHULDO
$V WKH QHZ YROWDJH UHIHUHQFHV LQFUHDVH WKH DSSDUHQW SRZHU
N9$ SHU SKDVH KDV WR EH RYHUVL]HG FRQFHUQLQJ WKH YROWDJH
FDSDELOLW\ ,Q IDFW WKH RYHUVL]LQJ LV DOUHDG\ QHFHVVDU\ ZLWKRXW
FRQVLGHULQJ IDXOWPRGH RSHUDWLRQ ZKHQ WKH V\VWHP PXVW EH
DEOH WR ZRUN LQ WUDQVLHQW RSHUDWLRQ ZLWK D ODUJH LQFUHDVH RI
WKH FXUUHQW LQ LQGXFWLYH FLUFXLW ,QGXFWLYH YROWDJH GURS PXVW
EH WKHQ VXSSOLHG E\ LQFUHDVLQJ WKH GXW\ F\FOH RI WKH 96, $V
FRQVHTXHQFH WKH FDOFXODWLRQ RI WKH QHFHVVDU\ UDWHG YROWDJH LV
QRW REYLRXV LQGXFLQJ WKXV VDIHW\ PDUJLQ FDOFXODWLRQ WKDW FDQ
EH XVHG WR JLYH WKH DELOLW\ WR ZRUN LQ IDXOW PRGH EXW RI FRXUVH
ZLWK UHGXFHG DELOLW\ IRU WUDQVLHQW RSHUDWLRQV )URP WKLV SRLQW
RI YLHZ D GULYH¶V GHVLJQ IRU WKH IDXOW\ PRGH FDQ EH DFKLHYHG
ZLWKRXW DQ DGGLWLRQDO RYHUVL]LQJ VLQFH WKH LQYHUWHU KDV DOUHDG\
EHHQ RYHUVL]HG DW WKH EHJLQQLQJ
,W FDQ EH QRWLFHG WKDW VLQFH WKH WRUTXH DQG VSHHG DUH
PDLQWDLQHG DV LQ KHDOWK\ PRGH WKH DFWLYH SRZHUV RI WKH
PDFKLQH DQG WKH EDWWHU\ GR QRW FKDQJH LH WKHUH LV QR DQ
RYHUVL]LQJ RI WKH EDWWHU\ DQG WKH 3060 )RU VLPXODWLRQ DQG
H[SHULPHQWDWLRQ SUHVHQWHG LQ WKLV ZRUN WKH '& EXV LV DGDSWHG
IRU IXQFWLRQLQJ LQ ERWK PRGHV KHDOWK\ DQG IDXOW\ ,Q WKH
KHDOWK\ RSHUDWLRQ WKH PDJQLWXGH RI WKH GXW\ F\FOH LV VPDOO ,Q
WKH IDXOW\ PRGH WKLV PDJQLWXGH LV LQFUHDVHG XQWLO WKH UHTXLUHG
OLQHOLQH YROWDJHV SHU KHDOWK\ SKDVHV DUH REWDLQHG
,9 6,08/$7,21 5(68/76
)RU VLPXODWLRQ WKH VSHHGQRUPDOL]HG EDFN(0) RI WKH
PDFKLQH LV JLYHQ LQ )LJ  7KH RWKHU SDUDPHWHUV DUH UHSRUWHG
LQ 7DE ,,, 7KH URWRU VSHHG LV VHW WR  USP DQG WKH WRUTXH
LV HTXDO WR KDOI RI WKH UDWHG WRUTXH $ VKRUWFLUFXLW LQYHUWHU
IDXOW LV JHQHUDWHG E\ VHWWLQJ WKH XSSHU ,*%7 FRQWURO VLJQDO RI
WKH SKDVHa HTXDO WR  DW t = 0.02 V
6LPXODWLRQ UHVXOWV DUH UHSRUWHG LQ )LJ  DQG )LJ  %HIRUH




































)LJ  6SHHGQRUPDOL]HG EDFN(0) RI PDFKLQH IRU VLPXODWLRQ
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of phase a is blocked)
Full reconfiguration
)LJ  6LPXODWLRQ UHVXOWV RI IXOO UHFRQILJXUDWLRQ D 0DFKLQH FXUUHQWV LQ URWRU
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)LJ  6LPXODWLRQ UHVXOWV RI IXOO UHFRQILJXUDWLRQ D 9ROWDJH UHIHUHQFHV >9@
E 0DFKLQH UHDO YROWDJHV >9@
FXUUHQWV DUH VLQXVRLGDO EHFDXVH WKH FXUUHQW UHIHUHQFH I∗q2 LV
VHW WR ]HUR 7KH PDFKLQH YROWDJHV FRQWDLQ WKH UG KDUPRQLF WR
FRPSHQVDWH WKH VDPH UDQN RI WKH EDFN(0) LQGXFHG E\ WKH
PDJQHW 7KH YROWDJH UHIHUHQFHV DUH HTXDO WR WKH UHDO PDFKLQH
YROWDJHV
$ VKRUWFLUFXLW RI WKH XSSHU ,*%7 RI WKH SKDVHa LV DFWLYDWHG
DW t = 0.02 V 'XULQJ 0.04 V IURP t = 0.02 V WR t = 0.06
V WKHUH LV QR DFWLRQ IRU FRUUHFWLQJ WKLV IDXOW 7KH FXUUHQWV
H[SUHVVHG LQ WKH URWRU IUDPH Id1 Iq1 Id2 DQG Iq2 VWDUW
RVFLOODWLQJ DQG FUHDWH WRUTXH SXOVDWLRQV 7KH SKDVHa FXUUHQW
SUHVHQWV D '& FRPSRQHQW WKDW OHDGV WR D YHU\ KLJK SHDN RI
YROWDJH RI WKLV SKDVH ,W LV REYLRXV WKDW WKLV KLJK YDOXH RI
SHDN FDQ GHWHULRUDWH WKH PDFKLQH FRLOV DQG SRZHU HOHFWURQLF
FRPSRQHQWV RI WKH LQYHUWHUV $W t = 0.06 V D IXOO UHFRQILJX
UDWLRQ LV HQDEOHG 7KH WRUTXH ULSSOH LV FDQFHOHG WKH FXUUHQWV
LQ VWDWRU IUDPH EHFRPH EDODQFHG DJDLQ DQG WKH UHVXOW RI WKHLU
WUDQVIRUPDWLRQ LQ URWRU IUDPH LV FRQVWDQW %\ REVHUYLQJ WKH
YROWDJH UHIHUHQFHV DQG WKH UHDO YROWDJHV RI WKH PDFKLQH LQ
)LJ  DIWHU D IXOO FRUUHFWLRQ WKH YROWDJH UHIHUHQFH IRU WKH
IDXOW\ SKDVH WKH SKDVHa LV VHW WR ]HUR )RU IRXU KHDOWK\
SKDVHV WKH UHIHUHQFHV DUH OLQHOLQH YROWDJHV DQG WKH UHDO
YROWDJHV EHKDYH DV LQ WKH KHDOWK\ RSHUDWLRQ 7KHVH VLPXODWLRQ
UHVXOWV MXVWLI\ WKH WKHRU\ GHYHORSHG LQ VHFWLRQ ,,,& ,W FDQ EH
QRWHG WKDW WKH '&EXV YROWDJH LV ODUJH HQRXJK WR IHHG D OLQH
OLQH YROWDJH LQ IDXOW FRQGLWLRQ ,Q SUDFWLFH LI WKH PDFKLQH LV
RSHUDWHG DW UDWHG SRLQW EHIRUH WKH IDXOW LW LV REYLRXV WKDW WKH
VSHHG DQGRU WRUTXH KDV WR EH UHGXFHG WR NHHS WKH YROWDJH




$ SLFWXUH RI WKH WHVWEHG LV VKRZQ LQ )LJ  7KH V\VWHP
FRQVLVWV RI D I YHSKDVH GRXEOHHQGHG 3060 WZR I YHOHJ
LQYHUWHUV DQG WZR LVRODWHG '&VRXUFHV $ G63$&( ERDUG
LV XVHG IRU FRQWURO SURWRW\SLQJ 7KH ORDG LV DQ HOHFWURPDJQHWLF
SRZGHU EUDNH
7KH VZLWFK VKRUWFLUFXLW IDXOW LV HPXODWHG E\ IRUFLQJ WKH
FRUUHVSRQGLQJ GXW\ F\FOH WR µ¶ RU µ¶ 7KH PDFKLQH SDUDPHWHUV
DUH JLYHQ LQ 7DE ,,, 7KH EDFN(0) ZDYHIRUP LV DOPRVW
WUDSH]RLGDO DV VKRZQ LQ )LJ 
Open-end winding




)LJ  ([SHULPHQWDO SODWIRUP
7$%/( ,,,
0$&+,1( 3$5$0(7(56 81'(5 (;3(5,0(17$/ 7(676
3DUDPHWHUV 9DOXHV
Rs  Ω
Ld1 = Lq1  P+
Ld3 = Lq3  P+
eq1/Ω  9VUDG−1
3ROH SDLUV QXPEHU p 
1RPLQDO VSHHG  USP
1RPLQDO FXUUHQW  $
1RPLQDO WRUTXH  1P
1RPLQDO SRZHU  N:
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Healthy mode No reconfiguration
)LJ  ,QYHUWHU VZLWFK VKRUWFLUFXLW IDXOW DQG QR UHFRQILJ UDWLRQ H[SHUL
PHQWDO UHVXOWV 7RS FXUUHQWV H[SUHVVHG LQ WKH URWRU UHIHUHQFH IUDPH %RWWRP












Healthy mode No reconfiguration
)LJ  +HDOWK\ RSHUDWLRQ D DQG QR UHFRQILJXUDWLR DIWHU WKH IDXOW E
6FRSH UHVXOWV VKRZLQJ WKH aSKDVH FXUUHQW ia WKH aSKDVH YROWDJH va DQG WKH
YROWDJH EHWZHHQ WKH WZR LQYHUWHU '&EXV v21
% &RQWURO ZLWK DQ LQYHUWHU VKRUWFLUFXLW IDXOW
 1R UHFRQILJX DWLRQ )LJ  DQG )LJ  VKRZ H[SHUL
PHQWDO UHVXOWV RI WKH FRQWURO ZLWK DQ LQYHUWHU VZLWFK VKRUW
FLUFXLW IDXOW DQG QR UHFRQILJXUDWLR DW URWRU VSHHG Ω = 42
UDGV 7KH IDXOW RFFXUV DW WLPH t = 0.2 V )LJ  VKRZV
WKDW WKH FXUUHQW PDJQLWXGHV LQ WKH d2q2 VXEVSDFH LQFUHDVH
D ORW IROORZLQJ WKH RFFXUUHQFH RI WKH IDXOW $ WRUTXH ULSSOH






































Healthy mode Simple reconfiguration
)LJ  ,QYHUWHU VZLWFK VKRUWFLUFXLW IDXOW DQG VLPSOH UHFRQILJXUDWLR H[SHUL
PHQWDO UHVXOWV 7RS FXUUHQWV H[SUHVVHG LQ WKH URWRU UHIHUHQFH IUDPH %RWWRP
















)LJ  +HDOWK\ RSHUDWLRQ D DQG VLPSOH FRQILJXUDWLR E 6FRSH UHVXOWV
VKRZLQJ WKH IDXOW\ aSKDVH FXUUHQW ia WKH aSKDVH YROWDJH va DQG WKH YROWDJH
EHWZHHQ WKH WZR LQYHUWHU '&EXV v21
WKH VFRSH UHVXOWV LQ WKH KHDOWK\ RSHUDWLRQ 7KH SKDVH FXUUHQW
ia LV VLQXVRLGDO ODJJLQJ WKH SKDVH YROWDJH va 7KH YROWDJH
GLIIHUHQFH EHWZHHQ WKH WZR LQYHUWHU '&OLQNV v21 LV DOVR
PHDVXUHG ,W FDQ EH VHHQ WKDW v21 LV FORVH WR ]HUR DYHUDJH DQG
LQVWDQWDQHRXV YDOXHV DV H[SHFWHG IURP WKH FRQWURO DOJRULWKP
LQ SURSHU PRGH )LJ  E VKRZV WKH VFRSH UHVXOWV XSRQ VKRUW
FLUFXLW LQYHUWHU IDXOW 7KH IDXOW\ SKDVH FXUUHQW ia KDV D SRVLWLYH
'& FRPSRQHQW ZKLOH va DQG v21 DUH VHULRXVO\ DIIHFWHG E\ WKH
IDXOW
 6LPSOH UHFRQILJX DWLRQ )LJ  DQG )LJ  VKRZ H[
SHULPHQWDO UHVXOWV RI WKH FRQWURO ZLWK DQ LQYHUWHU VZLWFK VKRUW
FLUFXLW IDXOW DQG VLPSOH UHFRQILJXUDWLR Ω = 40 UDGV 7KH
IDXOW RFFXUV DW WLPH t = 0.2 V $ WRUTXH ULSSOH RI DERXW %
DSSHDUV GXH WR WKH IDXOW 7KH VFRSH UHVXOWV RI )LJ  VKRZ WKDW
WKH IDXOW\ SKDVH FXUUHQW LV TXLWH GLVWRUGHG EXW LWV PDJQLWXGH LV
UDWKHU ORZ ,W FDQ EH QRWLFHG WKDW WKLV IDXOW LQGXFHV WKH VXSSO\
RI WKH VHFRQGDU\ PDFKLQH DVVRFLDWHG ZLWK WKH VXEVSDFH α2β2
Id2 DQG Iq2 DUH GLIIHUHQW WR ]HUR 6R LQ RUGHU WR REWDLQ D
FRQVWDQW WRUTXH QHZ FXUUHQW UHIHUHQFHV YROWDJHV RI WKH WZR
ILFWLWLRX PDFKLQHV LQ &RQFRUGLD UHIHUHQFH IUDPH KDYH WR EH
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Healthy mode Full reconfiguration
)LJ  ,QYHUWHU VZLWFK VKRUWFLUFXLW IDXOW DIWHU D IXOO UHFRQILJXUDWLR H[SHUL
PHQWDO UHVXOWV D &XUUHQWV H[SUHVVHG LQ WKH URWRU UHIHUHQFH IUDPH E 0DFKLQH















)LJ  +HDOWK\ RSHUDWLRQ D DQG IXOO FRQILJXUDWLR E 6FRSH UHVXOWV
VKRZLQJ WKH IDXOW\ aSKDVH FXUUHQW ia WKH aSKDVH YROWDJH va DQG WKH YROWDJH
EHWZHHQ WKH WZR LQYHUWHU '&EXV v21
UHFRQILJXUDWLR RI VZLWFKHV LV QRW HQRXJK WR REWDLQ D JRRG
UHVXOW LQ WRUTXH FRQWURO ,W FDQ EH QRWLFHG WKDW WKH WRUTXH
ULSSOH LV UHGXFHG FRPSDULQJ WR )LJ  EXW WKLV YDOXH RI WRUTXH
SXOVDWLRQV UHPDLQV LPSRUWDQW
 )XOO UHFRQILJX DWLRQ )LJ  DQG )LJ  VKRZ WKH
H[SHULPHQWDO UHVXOWV RI WKH FRQWURO ZLWK DQ LQYHUWHU VZLWFK
VKRUWFLUFXLW IDXOW DIWHU D IXOO UHFRQILJXUDWLR Ω = 42 UDGV
7KH IDXOW RFFXUV DW WLPH t = 0.2 V ,Q WKLV FDVH WKH DPSOLWXGH RI






































































































)LJ  ,QYHUWHU VZLWFK VKRUWFLUFXLW IDXOW DW t = 0.2 V DIWHU D IXOO
UHFRQILJXUDWLR H[SHULPHQWDO UHVXOWV D 9ROWDJH UHIHUHQFHV RI PDFKLQH LQ
DEFGH IUDPH E 5HIHUHQFHV RI YROWDJH DIWHU D &RQFRUGLD¶V WUDQVIRUPDWLRQ F
5HSUHVHQWDWLRQ RI YROWDJHV LQ α1β1v0 IUDPH F 5HSUHVHQWDWLRQ RI YROWDJHV
LQ α2β2v0 IUDPH
7KH IDXOW\ SKDVH FXUUHQW LV TXDVLVLQXVRLGDO DQG WKH PDFKLQH
FXUUHQWV DUH OLJKWO\ XQEDODQFHG DQG GLVWRUWHG VHH )LJ  E
E\ FRPSDULQJ WR WKH VLPXODWLRQ UHVXOWV VHH )LJ  E ,Q
VLPXODWLRQ WKH EDQGZLGWK RI WKH FXUUHQW FRQWUROOHU LV KLJK
HQRXJK WR FRPSHQVDWH WKH rd WKH th DQG WKH th KDUPRQLFV
RI WKH EDFN(0) ,Q H[SHULPHQWDWLRQ WKHVH KDUPRQLFV DUH QRW
FRPSOHWHO\ FRPSHQVDWHG WKH EDQGZLGWK LV OLPLWHG 7KHUHIRUH
WKH PDFKLQH FXUUHQWV DUH OLJKWO\ GLVWRUWHG )XUWKHUPRUH WKHUH
LV DV ZHOO WKH KLJK IUHTXHQF\ QRLVH GXH WR WKH 3:0  LV
YHULILH DV va = −v21 %\ LPSRVLQJ WKLV FRQVWUDLQW WKH QHZ
YROWDJH UHIHUHQFHV IRU  KHDOWK\ SKDVHV DUH UHGHWHUPLQHG
,Q WKLV FDVH WKH YROWDJH RI SKDVHb LV D OLQHOLQH YROWDJH
vb − va = vba /LNHZLVH WKH YROWDJHV RI WKUHH RWKHU SKDVHV
c d DQG e DUH vca vda vea ,W PHDQV WKDW DIWHU WKH IDXOW
WKH LQYHUWHU LV FRQWUROOHG WR REWDLQ WKH OLQHOLQH YROWDJHV IRU
FRPSHQVDWLQJ WKH SKDVHa ZKLFK LV IDXOW\ )LQDOO\ WKH PDFKLQH
SKDVH FXUUHQWV DUH QRW GLVWRUWHG DQG PDLQWDLQHG DV EHIRUH WKH
IDXOW 7KHVH UHVXOWV DUH VKRZQ LQ )LJ 
)LJ  JLYHV WKH PDFKLQH YROWDJH UHIHUHQFHV DQG WKH
FRPSRQHQWV RI WKHLU &RQFRUGLD WUDQVIRUPDWLRQ ,Q WKH KHDOWK\
RSHUDWLRQ D EDODQFHG YROWDJH V\VWHP LV REWDLQHG DV VKRZQ LQ
)LJ  D )LJ  E VKRZV WKDW WKHUH LV QR ]HUR VHTXHQFH
RI YROWDJH v0 = 0 LQ WKH KHDOWK\ PRGH 7KHUHIRUH ZH REWDLQ
WZR FLUFOHV RQ WZR SODQV α1β1 DQG α2β2 )LJ  F DQG G
$IWHU t = 0.2 V WKH FRQWURO VWUDWHJ\ WDNHV DGYDQWDJH RI WKH
GHJUHH RI IUHHGRP E\ LPSRVLQJ D ]HUR FRPSRQHQW RI YROWDJH
WKDW KDV QR LPSDFW RQ WKH SKDVH FXUUHQWV DQG DOORZV WKH PRWRU
WR IXQFWLRQ ZLWK WKH VDPH UHTXLUHG WRUTXH
9, &21&/86,21
7KLV SDSHU KDV DQDO\]HG WKH EHKDYLRU RI DQ RSHQHQG I YH
SKDVH 3060 GULYH XQGHU LQYHUWHU IDXOW FRQGLWLRQV :LWK D
GXDOLQYHUWHU VXSSO\ WKH HTXLYDOHQW I YHSKDVH WRSRORJ\ RIIHUV
WKH SRVVLELOLW\ WR RSHUDWH WKH PDFKLQH XQGHU LQYHUWHU VZLWFK
VKRUWFLUFXLW IDXOWV ZLWKRXW DQ\ DGGLWLRQDO FRPSRQHQW $Q
LQKHUHQW IDXOW WROHUDQFH KDV EHHQ VKRZQ LQ WKH VWXG\ ,W KDV
DOVR EHHQ SURYHG WKDW D VLPSOH PRGLILFDWLR RI WKH FRQWURO
DOJRULWKP DOORZV WKH GULYH WR EH RSHUDWHG ZLWK D FRQVWDQW
WRUTXH SHUIRUPDQFH RSHUDWLRQ %HFDXVH RI WKH ]HUR YROWDJH
FRPSRQHQW EHLQJ UHTXLUHG LW LV REYLRXV WKDW WKH YROWDJH
PDJQLWXGH WKDW LV QHFHVVDU\ WR PDLQWDLQ D FRQVWDQW WRUTXH
DV EHIRUH WKH IDXOW LV KLJKHU ,W LV FOHDU WKDW LI WKH YROWDJH
FRQVWUDLQW LV LPSRUWDQW PD[LPXP YROWDJH WKH 3060 VSHHG
KDV WR EH UHGXFHG DIWHU WKH IDXOW )RU WKLV SXUSRVH DQ DGGLWLRQDO
DOJRULWKP LV QHFHVVDU\ WR GHWHUPLQH D QHZ WRUTXH UHIHUHQFH
ZKLOH NHHSLQJ WKH PDFKLQH YROWDJH FRQVWUDLQWV 7KLV ZRUN KDV
QRW EHHQ SUHVHQWHG KHUH EXW ZLOO EH DQ LQWHUHVWLQJ SHUVSHFWLYH
IRU IXWXUH ZRUNV
5()(5(1&(6
>@ 6 <DQJ ' ;LDQJ $ %U\DQW 3 0DZE\ / 5DQ DQG 3 7DYQHU ³&RQ
GLWLRQ PRQLWRULQJ IRU GHYLFH UHOLDELOLW\ LQ SRZHU HOHFWURQLF FRQYHUWHUV
$ UHYLHZ´ ,((( 7UDQV 3RZ (OHFWURQ YRO  QR  SS ±

>@ % $ :HOFKNR 7 $ /LSR 7 0 -DKQV DQG 6 ( 6FKXO] ³)DXOW WROHUDQW
WKUHHSKDVH DF PRWRU GULYH WRSRORJLHV D FRPSDULVRQ RI IHDWXUHV FRVW
DQG OLPLWDWLRQV´ ,((( 7UDQV 3RZ (OHFWURQ YRO  QR  SS ±
 
>@ 5 5 (UUDEHOOL DQG 3 0XWVFKOHU ³)DXOWWROHUDQW YROWDJH VRXUFH LQYHUWHU
IRU SHUPDQHQW PDJQHW GULYHV´ ,((( 7UDQV 3RZ (OHFWURQ YRO  QR 
SS ± 
>@ 0 1DLGX 6 *RSDODNULVKQDQ DQG 7 : 1HKO ³)DXOWWROHUDQW SHUPDQHQW
PDJQHW PRWRU GULYH WRSRORJLHV IRU DXWRPRWLYH [E\ZLUH V\VWHPV´ ,(((
7UDQV ,QG $SSOL YRO  QR  SS ± 
>@ ) 5LFKDUGHDX ' =KLIHQJ - 0 %ODTXLHUH ( 6DUUDXWH ' )OXPLDQ
DQG ) 0RVVHU ³&RPSOHWH VKRUWFLUFXLW IDLOXUH PRGH SURSHUWLHV DQG
FRPSDULVRQ EDVHG RQ LJEW VWDQGDUG SDFNDJLQJ DSSOLFDWLRQ WR QHZ IDXOW
WROHUDQW LQYHUWHU DQG LQWHUOHDYHG FKRSSHU ZLWK UHGXFHG SDUWV FRXQW´ LQ
3URFHHGLQJV RI WKH WK (XURSHDQ &RQIHUHQFH RQ 3RZHU (OHFWURQLFV DQG
$SSOLFDWLRQV (3(   SS ±
>@ < :DQJ 7 $ /LSR DQG ' 3DQ ³5REXVW RSHUDWLRQ RI GRXEOHRXWSXW
DF PDFKLQH GULYH´ LQ 7KH ,((( WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 3RZHU
(OHFWURQLFV DQG (&&( $VLD ,&3( 	 (&&(  SS ±
>@ % 0LUDI]DO ³6XUYH\ RI IDXOWWROHUDQFH WHFKQLTXHV IRU WKUHHSKDVH YROW
DJH VRXUFH LQYHUWHUV´ ,((( 7UDQV ,QG (OHFWURQ YRO  QR  SS
± 
>@ 0 5XED DQG ' )RGRUHDQ ³$QDO\VLV RI IDXOWWROHUDQW PXOWLSKDVH SRZHU
FRQYHUWHU IRU D QLQHSKDVH SHUPDQHQW PDJQHW V\QFKURQRXV PDFKLQH´
,((( 7UDQV ,QG $SSOL YRO  QR  SS ± 
>@ 0 6KDKED]L 3 3RXUH 6 6DDGDWH DQG 0 5 =ROJKDGUL ³)DXOWWROHUDQW
I YHOHJ FRQYHUWHU WRSRORJ\ ZLWK ISJDEDVHG UHFRQILJXUDEO FRQWURO´
,((( 7UDQV ,QG (OHFWURQ YRO  QR  SS ± 
>@ % & 0HFURZ $ * -DFN - $ +D\ORFN DQG - &ROHV ³)DXOWWROHUDQW
SHUPDQHQW PDJQHW PDFKLQH GULYHV´ (OHFWULF 3RZHU $SSOLFDWLRQV ,((
3URFHHGLQJV  YRO  QR  SS ± 
>@ $ 0 (O5HIDLH ³)DXOWWROHUDQW SHUPDQHQW PDJQHW PDFKLQHV D UHYLHZ´
(OHFWULF 3RZHU $SSOLFDWLRQV ,(7 YRO  QR  SS ± 
>@ - =KX DQG ; 1LX ³,QYHVWLJDWLRQ RI VKRUWFLUFXLW IDXOW LQ D IDXOWWROHUDQW
EUXVKOHVV SHUPDQHQW PDJQHW DF PRWRU GULYH ZLWK UHGXQGDQF\´ LQ 7KH WK
,((( &RQIHUHQFH RQ ,QGXVWULDO (OHFWURQLFV DQG $SSOLFDWLRQV ,&,($
 SS ±
>@ 6 /X DQG . &RU]LQH ³0XOWLOHYHO PXOWLSKDVH SURSXOVLRQ GULYHV´ LQ
,((( (OHFWULF 6KLS 7HFKQRORJLHV 6\PSRVLXP  SS ±
>@ ( /HYL ³0XOWLSKDVH HOHFWULF PDFKLQHV IRU YDULDEOHVSHHG DSSOLFDWLRQV´
,((( 7UDQV ,QG (OHFWURQ YRO  QR  SS ± 
>@ ) -HQ5HQ DQG 7 $ /LSR ³'LVWXUEDQFHIUHH RSHUDWLRQ RI D PXOWLSKDVH
FXUUHQWUHJXODWHG PRWRU GULYH ZLWK DQ RSHQHG SKDVH´ ,((( 7UDQV ,QG
$SSOL YRO  QR  SS ± 
>@ + $ 7ROL\DW ³$QDO\VLV DQG VLPXODWLRQ RI I YHSKDVH YDULDEOHVSHHG
LQGXFWLRQ PRWRU GULYHV XQGHU DV\PPHWULFDO FRQQHFWLRQV´ ,((( 7UDQV
3RZ (OHFWURQ YRO  QR  SS ± 
>@ ) 0HLQJXHW 3 6DQGXOHVFX ; .HVWHO\Q DQG ( 6HPDLO ³$ PHWKRG
IRU IDXOW GHWHFWLRQ DQG LVRODWLRQ EDVHG RQ WKH SURFHVVLQJ RI PXOWLSOH
GLDJQRVWLF LQGLFHV $SSOLFDWLRQ WR LQYHUWHU IDXOWV LQ DF GULYHV´ ,(((
7UDQV RQ 9HKLFXODU 7HFKQRORJ\ YRO  QR  SS ± 
>@ ) 0HLQJXHW ( 6HPDLO DQG - *\VHOLQFN ³$Q RQOLQH PHWKRG IRU
VWDWRU IDXOW GHWHFWLRQ LQ PXOWLSKDVH SPVP GULYHV´ LQ 9HKLFOH 3RZHU
DQG 3URSXOVLRQ &RQIHUHQFH 933&  SS ±
>@ ; .HVWHO\Q DQG ( 6HPDLO ³$ YHFWRULDO DSSURDFK IRU JHQHUDWLRQ RI RS
WLPDO FXUUHQW UHIHUHQFHV IRU PXOWLSKDVH SHUPDQHQWPDJQHW V\QFKURQRXV
PDFKLQHV LQ UHDO WLPH´ ,((( 7UDQV ,QG (OHFWURQ YRO  QR  SS
± 
>@ ) /RFPHQW ( 6HPDLO DQG ; .HVWHO\Q ³9HFWRULDO DSSURDFKEDVHG
FRQWURO RI D VHYHQSKDVH D[LDO IOX PDFKLQH GHVLJQHG IRU IDXOW RSHUDWLRQ´
,((( 7UDQV ,QG (OHFWURQ YRO  QR  SS ± 
>@ ' )OLHOOHU 1 . 1JX\HQ 3 :LUD * 6WXUW]HU ' 2 $EGHVODP DQG
- 0HUFNOH ³$ VHOIOHDUQLQJ VROXWLRQ IRU WRUTXH ULSSOH UHGXFWLRQ IRU
QRQVLQXVRLGDO SHUPDQHQWPDJQHW PRWRU GULYHV EDVHG RQ DUWLILFLD QHXUDO
QHWZRUNV´ ,((( 7UDQV ,QG (OHFWURQ YRO  QR  SS ± 
>@ ' )OLHOOHU 1 . 1JX\HQ + 6&+:$% DQG * 6WXUW]HU ³&RQWURO RI
QRQFRQYHQWLRQDO V\QFKURQRXV PRWRUV FKDSWHU  6\QFKURQRXV PDFKLQHV
LQ GHJUDGHG PRGH´ ,67( /WG DQG -RKQ :LOH\ 	 6RQV ,QF 
>@ 6 'ZDUL DQG / 3DUVD ³)DXOWWROHUDQW FRQWURO RI I YHSKDVH SHUPDQHQW
PDJQHW PRWRUV ZLWK WUDSH]RLGDO EDFN HPI´ ,((( 7UDQV ,QG (OHFWURQ
YRO  QR  SS ± 
>@ $ 7DQL 0 0HQJRQL / =DUUL * 6HUUD DQG ' &DVDGHL ³&RQWURO RI
PXOWLSKDVH LQGXFWLRQ PRWRUV ZLWK DQ RGG QXPEHU RI SKDVHV XQGHU RSHQ
FLUFXLW SKDVH IDXOWV´ ,((( 7UDQV 3RZ (OHFWURQ YRO  QR  SS
± 
>@ 1 %LDQFKL 6 %RORJQDQL DQG 0 ' 3UH ³'HVLJQ DQG WHVWV RI D IDXOW
WROHUDQW I YHSKDVH SHUPDQHQW PDJQHW PRWRU´ LQ 7KH WK ,((( 3RZHU
(OHFWURQLFV 6SHFLDOLVWV &RQIHUHQFH 3(6& ¶  SS ±
>@ ) %DXGDUW % 'HKH] ( 0DWDJQH ' 7HOWHX1HGHOFX 3 $OH[DQGUH DQG
) /DEULTXH ³7RUTXH FRQWURO VWUDWHJ\ RI SRO\SKDVH SHUPDQHQWPDJQHW
V\QFKURQRXV PDFKLQHV ZLWK PLQLPDO FRQWUROOHU UHFRQILJXUDWLR XQGHU
RSHQFLUFXLW IDXOW RI RQH SKDVH´ ,((( 7UDQV ,QG (OHFWURQ YRO 
QR  SS ± 
>@ )- /LQ <& +XQJ DQG 07 7VDL ³)DXOWWROHUDQW FRQWURO IRU VL[
SKDVH SPVP GULYH V\VWHP YLD LQWHOOLJHQW FRPSOHPHQWDU\ VOLGLQJPRGH
FRQWURO XVLQJ WVNIQQDPI´ ,((( 7UDQV ,QG (OHFWURQ YRO  QR 
SS ± 'HF 
>@ + *X]PDQ 0 - 'XUDQ ) %DUUHUR % %RJDGR DQG 6 7RUDO ³6SHHG
FRQWURO RI I YHSKDVH LQGXFWLRQ PRWRUV ZLWK LQWHJUDWHG RSHQSKDVH IDXOW
RSHUDWLRQ XVLQJ PRGHOEDVHG SUHGLFWLYH FXUUHQW FRQWURO WHFKQLTXHV´
,((( 7UDQV ,QG (OHFWURQ YRO  QR  SS ± 
>@ & +DQJ 6HQJ 0 - 'XUDQ ( /HYL 0 -RQHV + :RRL3LQJ DQG
1 $EG 5DKLP ³3RVWIDXOW RSHUDWLRQ RI DQ DV\PPHWULFDO VL[SKDVH
LQGXFWLRQ PDFKLQH ZLWK VLQJOH DQG WZR LVRODWHG QHXWUDO SRLQWV´ ,(((
7UDQV 3RZ (OHFWURQ YRO  QR  SS ± 
>@ % $ :HOFKNR 7 0 -DKQV : / 6RRQJ DQG - 0 1DJDVKLPD ³,SP
V\QFKURQRXV PDFKLQH GULYH UHVSRQVH WR V\PPHWULFDO DQG DV\PPHWULFDO
VKRUW FLUFXLW IDXOWV´ ,((( 7UDQV (QHU &RQYHU YRO  QR  SS ±
 
>@ ( /HYL , 1 : 6DWLDZDQ 1 %RGR DQG 0 -RQHV ³$ VSDFHYHFWRU
PRGXODWLRQ VFKHPH IRU PXOWLOHYHO RSHQHQG ZLQGLQJ I YHSKDVH GULYHV´
,((( 7UDQV (QHU &RQYHU YRO  QR  SS ± 
>@ & /LKXD ) = 3HQJ DQG & 'RQJ ³$ VPDUW JDWH GULYH ZLWK VHOI
GLDJQRVLV IRU SRZHU PRVIHWV DQG LJEWV´ LQ 7ZHQW\7KLUG $QQXDO ,(((
$SSOLHG 3RZHU (OHFWURQLFV &RQIHUHQFH DQG ([SRVLWLRQ $3(& 
 SS ±
>@ : $UHQGW 1 8OULFK 7 :HUQHU DQG 5 7RELDV ³$SSOLFDWLRQ PDQXDO
SRZHU VHPLFRQGXFWRUV´ LQ 6(0,.521 ,QWHUQDWLRQDO *PE+ 
>@ ( 6HPDLO $ %RXVFD\URO DQG - 3 +DXWLHU ³9HFWRULDO IRUPDOLVP IRU
DQDO\VLV DQG GHVLJQ RI SRO\SKDVH V\QFKURQRXV PDFKLQHV´ (XURSHDQ
3K\VLFDO -RXUQDO$SSOLHG 3K\VLFV YRO  QR  SS ± 
>@ / 3DUVD DQG + $ 7ROL\DW ³)LYHSKDVH SHUPDQHQWPDJQHW PRWRU
GULYHV´ ,((( 7UDQV ,QG $SSOL YRO  QR  SS ± 
1JDF .\ 1JX\HQ UHFHLYHG WKH %6F GHJUHH LQ HOHF
WULFDO HQJLQHHULQJ IURP +R &KL 0LQK &LW\ 8QLYHUVLW\
RI 7HFKQRORJ\ +R &KL 0LQK &LW\ 9LHWQDP LQ 
WKH 06F GHJUHH LQ HOHFWULFDO DQG HOHFWURQLF HQJL
QHHULQJ IURP (FROH 3RO\WHFKQLTXH GH O¶8QLYHUVLWH GH
1DQWHV 3RO\7HFK 1DQWHV 1DQWHV )UDQFH LQ 
DQG WKH 3K' GHJUHH LQ HOHFWULFDO DQG HOHFWURQLF
HQJLQHHULQJ IURP WKH 8QLYHUVLW\ RI +DXWH $OVDFH
0XOKRXVH )UDQFH LQ 
)URP  WR  KH ZDV ZLWK WKH 'HSDUWPHQW
RI (OHFWULFDO (QJLQHHULQJ ,QVWLWXW 1DWLRQDO GHV 6FL
HQFHV $SSOLTXHHV ,16$ RI 6WUDVERXUJ 6WUDVERXUJ )UDQFH 6LQFH 6HSWHPEHU
 KH KDV EHHQ DQ $VVRFLDWH 3URIHVVRU ZLWK WKH /DERUDWRU\ RI (OHFWULFDO
(QJLQHHULQJ DQG 3RZHU (OHFWURQLFV RI /LOOH /(3 $UWV HW 0HWLHUV 3DULV7HFK
/LOOH )UDQFH +LV UHVHDUFK LQWHUHVWV DUH PRGHOLQJ DQG FRQWURO RI V\QFKURQRXV
PRWRUV SRZHU FRQYHUWHUV DQG IDXOWWROHUDQW PXOWLSKDVH PDFKLQH GULYHV
)DELHQ 0HLQJXHW UHFHLYHG WKH 0DVWHU¶V GHJUHH LQ
HOHFWULFDO HQJLQHHULQJ DQG WKH 3K' GHJUHH IURP WKH
8QLYHUVLWH OLEUH GH %UX[HOOHV %UXVVHOV %HOJLXP LQ
 DQG  UHVSHFWLYHO\
)URP )HEUXDU\  WR 0D\  KH ZDV D
3RVWGRF DQG 7HDFKLQJ $VVLVWDQW ZLWK WKH /DERUDWRU\
RI (OHFWULFDO (QJLQHHULQJ DQG 3RZHU (OHFWURQLFV
RI /LOOH /(3 $UWV HW 0HWLHUV 3DULV7HFK /LOOH
)UDQFH +H LV FXUUHQWO\ D 5HVHDUFK (QJLQHHU ZLWK
7KDOHV $OHQLD 6SDFH  7KDOHV *URXS %HOJLXP +LV
PDLQ UHVHDUFK LQWHUHVWV DUH SRZHU HOHFWURQLFV DQG
IDXOWWROHUDQW GULYHV LQFOXGLQJ GHVLJQ FRQWURO DQG GLDJQRVLV
(ULF 6HPDLO 0¶ UHFHLYHG WKH 06 GHJUHH IURP
(FROH 1RUPDOH 6XSHULHXUH 3DULV )UDQFH LQ 
DQG WKH 3K' GHJUHH ZLWK VSHFLDOL]DWLRQV LQ WRROV
DQG VWXG\LQJ PHWKRG RI SRO\SKDVH HOHFWULFDO V\V
WHPV DQG JHQHUDOL]DWLRQ RI WKH VSDFH YHFWRU WKHRU\
IURP /LOOH 8QLYHUVLW\ /LOOH )UDQFH LQ  +H
LV FXUUHQWO\ ZLWK WKH /DERUDWRU\ RI (OHFWULFDO (Q
JLQHHULQJ DQG 3RZHU (OHFWURQLFV RI /LOOH /(3
$UWV HW 0HWLHUV 3DULV7HFK /LOOH ZKHUH KH EHFDPH
DQ $VVRFLDWH 3URIHVVRU LQ  DQG D IXOO 3URIHVVRU
LQ  ,Q /(3 KLV ILHOG RI LQWHUHVW LQFOXGH WKH
GHVLJQ PRGHOLQJ DQG FRQWURO RI PXOWLSKDVH GULYHV FRQYHUWHUV DQG DF GULYHV
0RUH JHQHUDOO\ KH VWXGLHV PXOWLPDFKLQH DQG PXOWLFRQYHUWHU V\VWHPV +LV
DSSOLFDWLRQ ILHOG DUH DXWRPRWLYH PDULQH DQG RIIVKRUH ZLQG SRZHU
;DYLHU .HVWHO\Q ZDV ERUQ LQ 'XQNHUTXH )UDQFH
LQ  +H UHFHLYHG WKH 3K' GHJUHH LQ HOHFWULFDO
HQJLQHHULQJ IURP /LOOH 8QLYHUVLW\ /LOOH )UDQFH LQ

$IWHU WHQ \HDUV DV D WHDFKHU RI HOHFWULFDO HQJLQHHU
LQJ LQ KLJK VFKRRO KH ZDV DQ $VVRFLDWH 3URIHVVRU
IRU WHQ \HDUV DQG LV FXUUHQWO\ D )XOO 3URIHVVRU RI
HOHFWULFDO HQJLQHHULQJ ZLWK WKH /DERUDWRU\ RI (OHF
WULFDO (QJLQHHULQJ DQG 3RZHU (OHFWURQLFV RI /LOOH
/(3 $UWV HW 0HWLHUV 3DULV7HFK /LOOH )UDQFH +LV
UHVHDUFK LQWHUHVWV LQFOXGH WKH PRGHOLQJ DQG FRQWURO
RI PXOWLSKDVH GULYHV DQG QHZ SRZHU JULG WRSRORJLHV
